INTRODUCTION
Bacillus subtilis is widely appreciated as a cell factory for the production of industrial enzymes, which naturally occur in this organism or closely related species. These enzymes are usually secreted into the growth medium in large, commercially relevant quantities (Tjalsma et al., 2000; Tjalsma et al., 2004) . This high secretion capacity is a clear advantage of B. subtilis over Gram-negative bacteria, such as Escherichia coli, where secreted proteins are retained in the periplasm. Additionally, the lack of an outer membrane implies that proteins produced with B. subtilis are free from lipopolysaccharide (endotoxin). Other advantages of using B. subtilis as a protein production host are its high genetic amenability, the availability of strains with mutations in nearly all of the ~4100 genes, a toolbox containing strains and vectors for gene expression, and the fact that this bacterium is generally recognized as safe (Braun et al., 1999; Kobayashi et al., 2003; Kunst et al., 1997; Zeigler and Perkins, 2008) . However, the use of B. subtilis as a cell factory for production of particular heterologous secretory proteins can also be problematic due to, for example, inefficient translocation of the foreign proteins across the plasma membrane, or inefficient release of the exported proteins from the cell envelope into the surrounding medium (Meens et al., 1997; Puohiniemi et al., 1992; Saunders et al., 1987) . In addition, premature or dismal protein folding may set limits to the yield of the desired products, and can even be detrimental to the producing host organism.
Proteins that are destined to perform their action outside of the cell are targeted from their site of synthesis, the cytoplasm, to the membrane with the aid of so-called signal peptides (or pre-peptides) (von Heijne, 1990a; von Heijne, 1990b) . These molecular Zipcodes are usually composed of a positively charged N-region, a hydrophobic H-region and a C-region with a recognition site for cleavage by signal peptidase during or after membrane translocation. The majority of the secreted proteins are transported in an unfolded state across the cytoplasmic membrane, followed by cleavage of the signal peptide and folding of the protein (Tjalsma et al., 2004; van Wely et al., 2001) . In addition, some proteins are produced with a pro-peptide that functions as a chaperone in guiding the timely protein folding and, in some cases, also the release from the plasma membrane and cell envelope after translocation (Takagi et al., 2001; Yabuta et al., 2001; Shinde and Inouye, 2000) . Although the general structure of these secretion signals is conserved in all domains of life, particular secretion signals have been optimized during their evolution for functioning in the context of a particular host organism and for the secretion of a particular protein. Consequently, these targeting signals may perform less efficiently when used in heterologous protein production and can, thus, represent important bottlenecks in heterologous protein production. Therefore, the search for optimal secretion signals for interesting heterologous proteins is a useful strategy to improve their production by established host organisms, such as B. subtilis (Brockmeier et al., 2006) .
Previously it was reported that the combined signal peptide (pre lip ) and pro regions (pro lip ) of a Staphylococcus hyicus preprolipase can act as a productive secretion signal for general use in Gram-positive bacteria (Demleitner and Gotz, 1994; Meens et al., 1993; Meens et al., 1997; Sturmfels et al., 2001) . In the present studies, we investigated the individual and combined contributions of these regions to the heterologous secretion of the alkaline phosphatase PhoA of E. coli by B. subtilis. The results show that both pre lip and pro lip contributed significantly to the efficient secretion of PhoA by B. subtilis, while secretion of PhoA by its native signal sequence in B. subtilis was marginal. In addition, we performed a genome-wide transcriptional analysis of the host responses to the production of PhoA with these targeting signals. Surprisingly, neither a CssRS-dependent secretion stress response nor a SigW-dependent membrane stress response was observed upon production of PhoA with the different secretion signals tested. Unexpectedly, however, the plasmid vector used for expression of PhoA caused the induction of prophage genes in B. subtilis.
RESULTS

Secretion and localization of E. coli PhoA by B. subtilis.
It was previously reported that the combined signal peptide (pre lip ) and pro regions (pro lip ) of the S. hyicus preprolipase can act as a productive secretion signal for the use in Gram-positive bacteria (Demleitner and Gotz, 1994; Meens et al., 1993; Meens et al., 1997; Sturmfels et al., 2001) , and for efficient secretion of the E. coli alkaline phosphatase PhoA in B. subtilis (Bolhuis et al., 1999; Darmon et al., 2006) . To investigate to what extent pre lip and pro lip contribute to the efficient secretion of PhoA, this protein was produced in B. subtilis not only with the prepro lip region (specified by plasmid pPSPhoA5), but also with the pre lip signal peptide alone (specified by plasmid pPSPhoA2) or with its own signal peptide (specified by plasmid pPSPhoA6). Importantly, all three phoA constructs were expressed using the same promoter, ribosome-binding site and ATG start codon.
The largest amounts of PhoA were secreted into the growth medium when synthesized as a prepro lip -PhoA hybrid precursor, as shown by Western blotting using growth medium and (sub-)cellular fractions ( Fig. 1A) . Additionally, mature-size PhoA derived from prepro lip -PhoA was also detectable in the cell wall fraction. Notably, the cell wall fraction contained also larger forms of PhoA ( Fig. 1A) , representing processing and degradation products of translocated pro lip -PhoA. By contrast, the largest forms of PhoA were detected in protoplasts of the prepro lip -PhoA producing cells. These large forms represented, most likely, pro lip -PhoA and degradation products of pro lip -PhoA (labeled "pro-PhoA" in Fig. 1A ). All pro-PhoA was degraded upon addition of trypsin to intact protoplasts, suggesting that the (pro-)protein was effectively translocated across the protoplast membrane.
Figure 1. Secretion and sub-cellular localization of E. coli PhoA in B. subtilis
To determine the localization of the precursor and mature forms of different PhoA fusion proteins, fractionation experiments were performed on cells of B. subtilis 168 transformed with pPSPhoA2 (pre lip -PhoA), pPSPhoA5 (prepro lip -PhoA) or pPSPhoA6 (pre-PhoA). The parental strain 168 transformed with the "empty" vector pPS2 was used as a negative control. Cells grown in LB medium were protoplasted and protoplasts were separated from the cell wall fraction by centrifugation. Protoplasts were incubated for 30 min in the presence of 1 mg/ml of trypsin with or without 1% Triton X-100 as indicated. Samples were used for SDS-PAGE and Western blotting, and specific antibodies were used to detect the precursor and mature forms of PhoA (A). Additionally, immunoblotting experiments with marker proteins that resided in the cytoplasm (e.g. TrxA) or in the membrane, exposed to either the cytoplasmic surface (e.g. YolF), or the extracytoplasmic surface (e.g. BdbD and SipS) were performed (B). The positions of pro lip -PhoA ("pro-PhoA"), mature-size PhoA ("PhoA"), SipS, BdbD, TrxA and YolF are indicated.
In contrast, the secretion of PhoA was less efficient when this protein was only fused to pre lip . The medium contained lower amounts of mature-size PhoA than the medium of cells producing prepro lip -PhoA ( Fig. 1A) . Consistently, a relatively small amount of mature-size PhoA was present in the cell wall fraction of cells producing pre lip -PhoA. In contrast to cells producing prepro lip -PhoA, the protoplasts of these cells contained large amounts of mature-size PhoA as well ( Fig. 1A ). In addition, a different set of larger forms of PhoA than those observed from the prepro lip -PhoA precursor was detected in protoplasts of the pre lip -PhoA producing cells. These larger forms could represent aggregated forms of PhoA or PhoA bound to (an)other protein(s). The major part of the mature-size PhoA and larger PhoA forms were accessible to trypsin in intact protoplasts, indicating that they had been translocated across the protoplast membrane. A minor fraction of PhoA was degraded by trypsin only when 1% Triton X-100 was added to lyse the protoplasts, suggesting that this represented non-translocated PhoA.
By far, the lowest amounts of mature PhoA were secreted into the growth medium when the authentic pre-PhoA of E. coli was expressed in B. subtilis (Fig. 1A ). In this case, mature PhoA was detectable also in protoplasts, but not in the cell wall fraction. The protoplast-associated PhoA was sensitive to trypsin treatment, suggesting that it had been translocated across the protoplast membrane.
The presented fractionation data were supported by immunoblotting experiments with marker proteins that reside in the cytoplasm (e.g. TrxA), at the cytoplasmic side of the membrane (e.g. YolF), or at the extracytoplasmic membrane surface (e.g. BdbD and SipS). As shown in Fig. 1B , complete degradation of BdbD and SipS occurred upon incubation of protoplasts with trypsin, whereas complete degradation of TrxA and YolF required protoplast lysis with 1% triton X-100, which is in line with the known subcellular localization of these marker proteins. However, some trypsin-mediated degradation of TrxA and YolF could also be observed when protoplasts were incubated with trypsin in the absence of triton X-100, indicating that some lysis had occurred during protoplasting. This view is supported by the detection of low amounts of BdbD and YolF in the wall fractions.
The cellular and secreted amounts of active PhoA were assessed by determining alkaline phosphatase activity in growth medium and cellular fractions of cells producing the three different PhoA precursors (Fig. 2) . Analysis of the cellular fractions revealed that cells expressing prepro lip -PhoA, pre lip -PhoA and the authentic pre-PhoA contained comparable levels of active PhoA. Analysis of the medium fractions showed that, consistent with the results of the Western blotting analyses, the highest PhoA activity was detected in the growth medium of cells expressing prepro lip -PhoA, while the levels of PhoA activity were lower in the medium of cells expressing pre lip -PhoA. In the medium of cells expressing the authentic pre-PhoA, very little PhoA activity was detected, which was just above background levels. Taken together, these observations show that pre lip and pro lip (in combination with pre lip ) contribute to efficient export of E. coli PhoA from the cytoplasm and secretion into the growth medium when produced in B. subtilis. 
Secretion of PhoA does not cause a secretion stress response in B. subtilis.
The large differences in extracellular accumulation of active PhoA, as derived from the three different precursor peptides used in our studies, suggested that at least some of the produced PhoA was degraded. This was most likely due to slow or incorrect PhoA folding upon translocation across the membrane, especially in the case of pre lip -PhoA and the authentic pre-PhoA. As judged by the observed differences, it is conceivable that the pre lip and pro lip peptides aided in preventing this proteolytic degradation by contributing to effective export and proper folding of PhoA. As such, cells expressing the different PhoA precursors might be confronted with different amounts of incorrectly folded and degraded precursor proteins, which is potentially stressful. In B. subtilis, this so-called secretion stress response is sensed and combated by the CssRS two component system (Darmon et al., 2002) . Known members of the CssRS regulon are htrA, htrB, cssR and cssS. In particular the levels of htrA and htrB transcription are significantly increased in secretionstressed cells (Darmon et al., 2002) . Consequently, the expression of these genes can be used as a reliable indicator for the physiological state of the cell and, also, it can be used to assess how well the cell can handle a particular secretory protein that is being produced.
Recently it was reported, through the use of lacZ fusions, that production of the prepro lip -PhoA precursor in B. subtilis triggered a mild htrB-dependent secretion stress response although, remarkably, htrA expression was not affected in this strain (Darmon et al., 2006) . To assess whether the production of either pre lip -PhoA, prepro lip -PhoA or pre-PhoA provoked a possible secretion stress response in B. subtilis, we performed genomewide transcriptional analyses on strains producing these precursor proteins. As a control, we analyzed the effects of the empty pPS2 plasmid vector. A first interesting finding was that the transcription levels of the htrA, htrB, cssR and cssS genes in cells producing either pre lip -PhoA, prepro lip -PhoA or pre-PhoA did not differ from the transciption levels of these genes in the parental strain 168 (data not shown). This indicated that the production of the three different PhoA precursors did not cause a CssRS-dependent secretion stress response in B. subtilis under the conditions tested.
To investigate whether the production of the three PhoA precursors led to a different, CssRS-independent stress response, the expression levels of different sigma factors in the array analysis were inspected. The results showed that the expression levels of the sigma factors were not significantly altered although the pre-PhoA-producing cells did show a mild increase (1.4 fold) in the expression of sigW (data not shown). SigW is a transcription factor which regulates the expression of genes in response to membrane and cell wall stress (Cao et al., 2002a; Cao et al., 2002b) . As such, increased levels of SigW could indicate potential membrane-or cell wall stress, as in potentia caused by the inefficient PhoA translocation and export. However, the results of the microarray analyses revealed that, in response to the production of pre lip -PhoA, prepro lip -PhoA or pre-PhoA, there is no altered expression in any gene that is known to be under the control of SigW. Taken together, these (negative) results show that production of the pre lip -PhoA, prepro lip -PhoA or pre-PhoA precursors does not provoke a secretion or membrane/cell wall stress response.
Interestingly, the production of the pre lip -PhoA, prepro lip -PhoA or pre-PhoA precursors did provoke increased expression of only a limited set of genes, including trxA, tagC, dinB, clpE, yvaV, vyqH, yqbO, ydcL, yvaN, yvaO, yomZ, yonD, yonE, yonH and yonN (Table 1) . It should be noted however, that most of these apparently PhoA-specific inductions were relatively moderate (2-to 3.4-fold). Stronger induction levels were only observed in pre-PhoA-producing cells for the yvaN (8.2-fold increased) and yvaO (5.2-fold increased) genes, which encode phage-related proteins. Over all, production of pre-PhoA seems to cause the most pronounced changes in the transcription of the trxA, clpE, yvaV, vyqH, yqbO, yvaN, and yvaO genes, while the pre lip -PhoA production had the strongest impact on transcription of the tagC, dinB, clpE, ydcL, yomZ, yonD, yonE, yonH and yonN genes. Production of prepro lip -PhoA had the mildest effects. Table 1 . Microarray analysis. (next page). To monitor the effects of PhoA precursor production on genome-wide transcriptional activity, microarray analyses were performed. Preparation of total RNA, cDNA synthesis, labeling and DNA microarray hybridization and analyses were performed as indicated under Materials and Methods. The RNA samples were obtained from independent cultivations of the parental 168 strain and the 168 strains harboring the following plasmids: pPSPhoA2 for production of pre lip -PhoA; pPSPhoA5 for production of prepro lip -PhoA, pPSPhoA6 for production of pre-PhoA; and the "empty" cloning vector pPS2. RNA samples were used for independent cDNA synthesis and subsequent competitive DNA array hybridization with samples of the plasmid-containing strains against the parental 168 strain. Significant up-regulated genes, as displayed in this table, were considered as such when the mRNA abundance between the parental strain and the respective plasmid-containing strain had Cyber-T Bayesian P values of < 0.001 and the individual fold changes of two biological replicates were at least 2. Notably, no down-regulated genes were identified. Genes belonging to prophage regions are indicated as such.
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Plasmid pPS2 induces the PBSX prophage in B. subtilis.
A remarkable observation from the array analyses was that a significant number of genes that showed increased expression in pre lip -PhoA, prepro lip -PhoA or pre-PhoA producing cells belong to the PBSX prophage region. Notably, a similar induction of these genes was observed in the strain containing the empty pPS2 plasmid, showing that pPS2-borne sequences are responsible for this effect. The PBSX region contains genes from a phage that has inserted itself into the B. subtilis 168 genome during the evolution of this strain (Wood et al., 1990; Zahler et al., 1977) . Unlike most other prophage regions of the B. subtilis genome, the PBSX prophage can still be induced, specifically under DNA damaging conditions (Lazarevic et al., 1999; Okamoto et al., 1968) . To address the overall PBSX induction, we monitored the expression of all PBSX prophage genes in the B. subtilis cells producing the three different PhoA precursors, or containing the empty pPS2 vector. For this purpose, the expression levels of all genes included in the array analyses were plotted in individual scatter plots. In these plots we labeled the symbols for genes of the PBSX prophage region in black (Fig. 3) . The scatter plots clearly show that the PBSX prophage is induced in the strains containing the empty pPS2 vector, or either one of the three pPS2-derived plasmids that encode pre lip -PhoA, prepro lip -PhoA or pre-PhoA (Fig. 3) . The average induction of PBSX genes was found to be similar in the case of all four different plasmids used in our analyses as compared to the parental plasmid-free B. subtilis strain 168. This implies that the pPS2 plasmid generates a stimulus that is responsible for induction of the PBSX prophage. Only one other gene, namely ybfG, was clearly induced by the presence of pPS2. 
DISCUSSION
The present studies were aimed at a dissection of the contributions of the pre and pro sequences of a secreted S. hyicus lipase on the secretion of a heterologous model protein by B. subtilis. For this purpose, the alkaline phosphatase PhoA from E. coli was the model protein of choice, because it was previously shown to be secreted at relatively high levels when fused to these combined prepro lip regions (Bolhuis et al., 1999; Darmon et al., 2006) , and because it contains two disulfide bonds. As a consequence of these disulfide bonds, PhoA displays folding requirements that are significantly different from those of non-disulfide bond containing proteins and it can thus act as a model for secretion of heterologous disulfide bond containing proteins. Several novel and unexpected findings are documented. Firstly, it was shown that the presence of the pro lip -peptide, in combination with the lipase signal peptide (pre lip ), contributes significantly to the efficient secretion of PhoA by B. subtilis, and that pre lip directs PhoA secretion more efficiently than the authentic signal peptide of PhoA. Secondly, while there were clear differences in the efficiency by which B. subtilis was able to secrete processed products of the prepro lip -PhoA, pre lip -PhoA and pre-PhoA precursors, these differences could neither be correlated to a general secretion stress response, nor to another known stress response in the producing cells. Thirdly, our genome-wide analysis of transcriptional responses in the producing cells revealed that the pPS2 vector, used for expression of E. coli phoA, triggered the induction of genes of the prophage PBSX in B. subtilis.
The observation that the signal peptide (pre lip ) of the S. hyicus lipase directs the secretion of E. coli PhoA by B. subtilis with a higher efficiency than the authentic PhoA signal peptide probably relates to the fact that pre lip conforms better to the requirements for productive interactions with the secretion machinery of B. subtilis than the PhoA signal peptide. It was previously shown that the signal peptides of 47 extracellular proteins of B. subtilis have an average length of 30 residues, including an N-region with an average of two positively charged residues, a hydrophobic H-region of ~20 residues, and a C-region with a preferred Ala-Xxx-Ala signal peptidase I recognition site (Antelmann et al., 2001) . Accordingly, pre lip has a total length of 38 residues, including an N-region with at least 4 positively charged residues (MKETKHQHTFSIRKS), an H-region of 20 residues and a predicted Ala-Glu-Ala cleavage site. In contrast, the authentic signal peptide of PhoA with a total length of 21 residues, including an N-region with 1 positively charged Lys residue, an H-region of 10 residues and a Thr-Lys-Ala signal peptidase I recognition site, seems to be sub-optimal for the B. subtilis secretion machinery.
The observation that the pro-peptide of the S. hyicus lipase (pro lip ) also contributes significantly to efficient secretion of PhoA is consistent with the previously reported observation that prepro lip supports the efficient secretion of E. coli OmpA both by B. subtilis and Staphylococcus carnosus (Meens et al., 1993; Meens et al., 1997) . It was proposed that pro lip would help translocated and unfolded OmpA to escape from proteases at the membrane-cell wall interface of these two Gram-positive bacteria by accelerating the release of OmpA from the plasma membrane and/or passage through the cell wall (Meens et al., 1993; Meens et al., 1997) . Pro lip might play a similar role in the secretion of E. coli PhoA by B. subtilis. Indeed, our Western blotting experiments showed that the prepro lip -PhoA expressing strain contains more PhoA in the medium, while the pre lip -PhoA expressing strain has a much larger fraction of PhoA protein still remaining attached to the membrane. It is also possible that PhoA may be exported more efficiently from the cytoplasm of B. subtilis with prepro lip than with pre lip due to the junction between pre lip and pro lip having been optimized during evolution, whereas the junction between pre lip and mature PhoA is artificial and, therefore, perhaps sub-optimal for secretion. Indeed, the present studies indicate that the presence of pro lip also results in clearly improved export of PhoA from the cytoplasm, at least when this process is directed by the pre lip signal peptide. This finding is interesting since pro-peptides are generally not considered to be involved in protein translocation across the membrane, which is initiated by the signal peptide. Rather, pro-peptides are generally known to serve in the post-translocational folding process to achieve an active and stable form of the secretory protein (van Dijl et al., 2001) . Although this has not been previously documented for B. subtilis, there is some precedence for a potential role of pro lip in protein export from the cytoplasm of S. carnosus, and it has been proposed that the pro lip peptide can keep precursor proteins in a translocation competent state (Sturmfels et al., 2001) . It is worth further investigation to determine whether this is also the case in B. subtilis. In any case, the present data already show that great increases in heterologous protein secretion can probably be achieved by modulating the pre-and propeptides of the protein of interest.
To minimize differences in the synthesis of the prepro lip -PhoA, pre lip -PhoA and pre-PhoA precursors, all three were produced from the same promoter, ribosomal binding site and start codon. Nevertheless, clear differences were observed for the yields of cellbound and extracellular active PhoA, indicating important differences in the efficiency in which B. subtilis was able to export the PhoA precursors and to release processed forms of PhoA into the growth medium. The best "outcome" was achieved with cells producing prepro lip -PhoA, which accumulated the highest amounts of active mature PhoA in the growth medium and relatively low amounts in the cells. Judged by the results obtained with prepro lip -PhoA, substantial amounts of the PhoA that was produced as pre lip -PhoA or pre-PhoA was apparently not correctly translocated, folded and/or released. In particular, the accumulation of cell-associated PhoA forms of a molecular weight that was higher than that of mature PhoA suggests that pre lip -PhoA production is associated with a PhoA folding problem that gives rise to aggregates or complexes with other, yet unidentified, proteins or cell wall compounds. Apparently, the pro-peptide can prevent the occurrence of such high molecular weight forms. In the case of authentic pre-PhoA synthesis, the overall yields of PhoA were very low compared to the other two constructs tested. This suggests that substantial degradation of the synthesized pre-PhoA, or the resulting mature PhoA had occurred. In view of these findings, it was quite remarkable that, in our transcriptome analyses, no CssRS-dependent secretion stress response was observed for any of the precursor-producing cells. This would have been a predicted result in view of the detection of PhoA processing and degradation products, and even aggregates, in the B. subtilis cell envelope. Indeed, a mild htrB induction was observed previously when prepro lip -PhoA was produced in the B. subtilis IhtrB strain (Darmon et al., 2006) . However, in this IhtrB strain, the secretion stress responses are strongly enhanced due to the inactivation of the htrB gene for the construction of the htrB-lacZ transcriptional gene (Noone et al., 2001) . Importantly, consistent with our present results, the previous studies with a transcriptional htrA-lacZ gene fusion did not reveal an induction of htrA transcription in response to prepro lip -PhoA production. This very low and/or undetectable secretion stress response in the PhoAproducing B. subtilis strains contrasts strongly to the severe secretion stress response that was previously observed for cells producing the -amylase AmyQ from Bacillus amyloliquefaciens (Lulko et al., 2007; Antelmann et al., 2003) . This difference is all the more remarkable because, at least in case of prepro lip -PhoA-expressing cells, the PhoA is produced at even higher levels than AmyQ (Antelmann et al., 2003) . This may indicate that, compared to PhoA, higher levels of malfolded AmyQ are present at critical locations in the B. subtilis cell envelope, at least under the conditions tested. Alternatively, the CssRS system might be more sensitive to malfolded AmyQ than malfolded PhoA so that the current production levels of PhoA are simply too low to trigger a secretion stress response. If so, increasing the production of PhoA to significantly higher levels may establish possible differences in the secretion stress responses by the host cells producing the different PhoA precursors.
The genome-wide transcriptome analysis confirmed that the production of the different PhoA precursors provoked no clear overall stress response, although it was evident that the production of the pre-PhoA precursor caused somewhat more pronounced transcriptional changes in the producing cells then the prepro lip -PhoA precursor. This in fact confirms the notion that the pre-PhoA protein was synthesized in substantial amounts, but that this synthesis remained largely undetectable due to rapid proteolysis. Furthermore, this finding is consistent with the observation that the prepro lip -PhoA is more effectively exported to the medium than the pre-PhoA variant. The function of some genes with altered expression in the pre-PhoA producing strain offers some further support for the idea that pre-PhoA is inefficiently exported from the cytoplasm and degraded. The ATP-dependent Clp protease subunit ClpE, for example, is known to be involved in the breakdown of misfolded proteins (Derre et al., 1999) . The up-regulated expression of this gene in the pre-PhoA producing strain therefore suggests the incorrect cytoplasmic folding of some of this protein. Furthermore, the gene for the thiol-disulphide oxidoreductase TrxA is known to be up-regulated in response to oxidative stress (Scharf et al., 1998) . Since folded PhoA has two disulphide bonds, the presence of cytoplasmic PhoA may impose some sort of oxidative stress on the producing cells. This latter view would be consistent with the detection of cytoplasmic PhoA in cells producing pre lip -PhoA, which also display increased transcription of trxA. Importantly, irrespective of the precise origin of the few stress responses observed, the pro lip peptide, at least in combination with the pre lip signal peptide, seems to prevent most of them from occurring.
The observed induction of PBSX prophage genes by the cloning vector pPS2 explains the previously documented accumulation of the PBSX-specific proteins XkdG, XkdK and XkdM in the growth medium of B. subtilis cells producing prepro lip -PhoA with the plasmid pPSPhoA5 (Darmon et al., 2006) . It is presently unclear which sequences of the vector are responsible for this prophage induction. To our knowledge, the only reported stimulus for PBSX prophage induction is DNA damage (Lazarevic et al., 1999; Okamoto et al., 1968) . However, our data do not indicate that pPS2 triggers a strong SOS response in B. subtilis. It is nevertheless conceivable that pPS2 causes a very mild SOS stimulus, which is sufficient only for induction of PBSX. This view would be supported by the upregulated expression of the DNA damage inducible genes tagC and dinB and a few SPβ genes in pre lip -PhoA-producing cells. However, these genes were not significantly induced in the other strains with pPS2-derived plasmids. Prophage induction in B. subtilis 168 in response to the presence of plasmids has, to our knowledge, not been reported before. Thus, we do not know whether this is a pPS2-specific phenomenon, or a more general phenomenon that has so far escaped the attention. As prophage induction will cause cell lysis and, consequently, decrease the production capacity of B. subtilis as a cell factory, it may be relevant to test plasmid vectors for this trait prior to their application in an industrial context. Alternatively, a prophage-free production strain, like the previously constructed B. subtilis 6 strain that lacks all prophages (Westers et al., 2003) , might be an appropriate host if there is reason to use plasmids for bioproduction purposes.
In conclusion, the work presented here shows that the combined use of the pre-and pro-sequences of the S. hyicus lipase can contribute significantly to the productive secretion of a heterologous protein by B. subtilis. At least in our experiments with E. coli PhoA fused to the prepro lip sequences, no secretion stress response could be detected, which supports the view that these sequences represent a very promising tool for the production of heterologous secretory proteins in B. subtilis.
EXPERIMENTAL PROCEDURES
Plasmids, bacterial strains, media and growth conditions
The plasmids and bacterial strains used in this study are listed in Table 2 . Strains were grown with agitation at 37ºC in Luria Bertani (LB) medium, consisting of 1% tryptone, 0.5% yeast extract and 1% NaCl, pH 7.4. If appropriate, media were supplemented with chloramphenicol at a concentration of 5 g/ml. Table 2 . Plasmid, strains and primers used in this study.
Plasmids
Relevant properties References pJM1 pUC18 derivative; contains the gene encoding the pre-prolipase from Staphylococcus hyicus under the control of the regulatory elements of the lac operon; Ap r (Meens et al., 1993) pJM1-2 pJM1 derivative with a NaeI site at the position corresponding to the signal peptidase I cleavage site in the pre-prolipase of S. hyicus; Ap r
This study pJM1-23 pJM1 derivative with a SnaBI site at the position corresponding to the junction between propeptide and mature lipase of S. hyicus; Ap r (Meens et al., 1997) pJM1-87 pJM1 derivative with a SwaI site between the RBS and the ATG start codon of the lipase gene of S. hyicus; Ap r (Meens et al., 1997) pPA9 pJM1-87 derivative containing the authentic coding sequence for pre-PhoA of E. coli instead of the pre-prolipase gene of S. hyicus; Ap r
This study pPA10 pJM1-2 derivative containing a precise fusion between the signal peptide (pre lip ) of the pre-prolipase of S. hyicus and the coding sequence for the mature PhoA; Ap r
This study pPA12 pJM1-23 derivative containing precise fusion between the pre-pro part of the pre-prolipase of S. hyicus and the coding sequence for the mature PhoA; Ap r (Darmon et al., 2006) pPS2 pLipPS1 derivative containing the constitutive promoter of the S. hyicus pre-prolipase gene (pLip) followed by a multiple cloning site; Cm r (Meens et al., 1997) pPSPhoA2 pPS2 derivative carrying the fusion between the signal peptide (pre lip ) from the pre-prolipase of S. hyicus and the mature PhoA coding sequence from pPA10 (pre lip -PhoA); Cm r This study pPSPhoA5 pPS2 derivative carrying the fusion between the prepro lip part of the pre-prolipase of S. hyicus and the mature PhoA coding sequence from pPA12 (prepro lip -PhoA); Cm r (Darmon et al., 2006) 
DNA techniques
Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and transformation of competent E. coli cells were carried out as previously described (Sambrook et al., 1989) . Chromosomal DNA of B. subtilis was isolated according to Bron and Venema (Bron and Venema, 1972) . PCR was carried out with the Pwo DNA polymerase, using chromosomal DNA as a template. Plasmid DNA from E. coli was isolated using the alkaline lysis method (Sambrook et al., 1989) , or the High Pure Plasmid
